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Functional Screening of a Metagenomic Library Reveals Operons
Responsible for Enhanced Intestinal Colonization by Gut Commensal
Microbes
Mi Young Yoon,a Kang-Mu Lee,a Yujin Yoon,a,b Junhyeok Go,a,b Yongjin Park,a Yong-Joon Cho,d Gerald W. Tannock,e
Sang Sun Yoona,b,c
Department of Microbiology,a Brain Korea 21 Project for Medical Sciences,b Institute for Immunology and Immunological Diseases, Yonsei University College of
Medicine,c Seoul, Republic of Korea; ChunLab, Inc., Seoul, Republic of Koread; Department of Microbiology and Immunology, University of Otago, Dunedin, New Zealande
Evidence suggests that gut microbes colonize the mammalian intestine through propagation as an adhesive microbial commu-
nity. A bacterial artificial chromosome (BAC) library of murine bowel microbiota DNA in the surrogate host Escherichia coli
DH10B was screened for enhanced adherence capability. Two out of 5,472 DH10B clones, 10G6 and 25G1, exhibited enhanced
capabilities to adhere to inanimate surfaces in functional screens. DNA segments inserted into the 10G6 and 25G1 clones were 52
and 41 kb and included 47 and 41 protein-coding open reading frames (ORFs), respectively. DNA sequence alignments, tet-
ranucleotide frequency, and codon usage analysis strongly suggest that these two DNA fragments are derived from species be-
longing to the genus Bacteroides. Consistent with this finding, a large portion of the predicted gene products were highly homol-
ogous to those of Bacteroides spp. Transposonmutagenesis and subsequent experiments that involved heterologous expression
identified two operons associated with enhanced adherence. E. coli strains transformed with the 10a or 25b operon adhered to
the surface of intestinal epithelium and colonized the mouse intestine more vigorously than did the control strain. This study
has revealed the genetic determinants of unknown commensals (probably resembling Bacteroides species) that enhance the abil-
ity of the bacteria to colonize the murine bowel.
Metagenomics aims to characterize a collection of genetic ma-terials as they exist in a microbial ecosystem (1). This
method stands in contrast to characterization by isolation of in-
dividual colonies. Because metagenomics offers a unique oppor-
tunity to study organisms that are not cultured in a laboratory, it
opens access to a reservoir of novel microbial genes.
The large bowels of mammalian species are colonized by mi-
crobial communities that are referred to as the gut microbiota.
The communities, mostly bacterial in composition, have consid-
erable biodiversity and gain much of their energy and carbon re-
quirements from the hydrolysis of plant glycans and fermentation
of the hydrolysis products. Additionally, some members of the
community utilize mucins from mucus and the components of
enterocytes sloughed from the intestinal mucosal surface (2, 3).
Both the metabolic activities and antigenicity of the microbiota
have important physiological and immunological repercussions
for the host (4–7).
Although many of the bacterial commensals of the human in-
testine have now been cultured (8), most information with regard
to the bacterial community has been derived from high-through-
put sequencing studies (3, 9). This strategy has revealed the com-
plexity and functional potential of the communities but relies on
gene annotations in public databases. However, these annota-
tions, confounded by the detection of numerous hypothetical
proteins of unknown function, may not reveal the full potential
of proteins encoded by genes detected in as-yet uncultivated
bacteria.
Functional screens of metagenomic libraries of microbiota
DNA can uncover important functional information about bac-
terial inhabitants. Of particular note was the discovery of prote-
orhodopsins in marine bacteria by functional metagenomics (10,
11). Therefore, we hypothesized that a bacterial artificial chromo-
some (BAC) metagenomic library of murine large-bowel micro-
biota encoded proteins with functions associated with intestinal
colonization by commensal bacteria. In support of this hypothe-
sis, bowel commensals were detected in association with mucosal
biopsy specimens (12). In this work, we screened a library of Esch-
erichia coli clones for enhanced adherence of the surrogate host to
surfaces. Each clone harbored cloned DNA derived from the
large-bowel microbiota of BALB/c mice (13). We further charac-
terized two operons that were found to play key roles in adhesion
when expressed heterologously in E. coli. We also tested the effects
of these genetic elements on intestinal colonization in vivo. Detec-
tion of such genetic elements can increase our knowledge and
understanding of how commensal microbes colonize the mam-
malian intestine.
MATERIALS AND METHODS
Bacterial strains and growth conditions. The entire procedure for the
library construction has been described elsewhere (13). The metagenome
library was prepared in the pIndigoBAC-5 vector (Epicentre, Madison,
WI). Bacterial strains were cultured in Luria broth (LB; 10 g tryptone, 5 g
NaCl, 5 g yeast extract per liter) supplemented with 34g/ml of chloram-
phenicol (Sigma-Aldrich Co., St. Louis, MO) at 37°C. For anaerobic
growth, bacteria were grown in an anaerobic chamber (Coylab Inc., Grass
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Lake, MI) that was filled with mixed gas (nitrogen, 90%; hydrogen, 5%;
carbon dioxide, 5%). Oxbile (catalog no. 7216; Neogen Corp., Lansing,
MI) was used to examine the effect of bile acids on biofilm formation.
Biofilm assay. The BAC clones were inoculated with a 96-well pin
replicator (Boekel Scientific Corp., Feasterville, PA) into 200l of LB plus
chloramphenicol placed in wells of 96-well plates (SPL Lifesciences Inc.,
Pocheon-Si, South Korea) and grown for 2 days at 37°C. To prevent evap-
oration-mediated volume loss during growth, the plates were situated in a
polyvinyl bag together with damp tissues. After 48 h, before biofilm assays
were performed, bacterial growth was assessed by measuring the optical
density at 600 nm (OD600) using a Thermomax microplate reader (Mo-
lecular Devices Inc., Sunnyvale, CA). Biofilm assays were performed by
following the procedures previously reported (14). For biofilm three-di-
mensional (3D) architecture examination, circular dishes (model no.
D27F; InfiniteBio Inc., San Jose, CA) that contained 2 ml of biofilm
growth medium were inoculated with precultures of each strain that had
been grown overnight. After biofilm growth for 2 days at 37°C, biofilm
cells were washed with phosphate-buffered saline (PBS) and stained with
1 ml of 3.34M Syto 9 nucleic acid dye, which is freely penetrable to cells.
Image acquisition and data processing were accomplished using a confo-
cal laser scanning microscope (FV-1000; Olympus Optical Co. Ltd., Ja-
pan) and its operating software, FV10-ASW (ver. 02.01). After scanning
with a 488-nm excitation laser at a sampling speed of 2s/pixel, a 512- by
512-pixel, 12 bits/pixel, 2D x-y image (126.728 by 126.728 m) was ac-
quired. For the z dimension, 80 slices that gave up to 40-m depths (0.5
m/slice) were obtained. SYTO 9 green fluorescence was detected
through a 500- to 540-nm bandpass filter. A UPLSAPO 100XO (Olym-
pus) objective lens was used for the bacterial cell image analysis. Images
were saved as TIF files with embedded x-y-z scale lines.
De novo sequencing and annotation. Sequencing of BAC plasmids
was performed by Macrogen Inc. (Seoul, South Korea) using a shotgun
sequencing method. Sequence data were assembled using software de-
scribed elsewhere (15). Open reading frames (ORFs) were assigned by
Glimmer 3.0 software (16). The start and stop codons of each ORF were
manually confirmed, and the presence of a promoter sequence was iden-
tified in the upstream sequence of each gene. The search for homologous
proteins was performed against the database in the National Center of
Biotechnology Information using a BLASTp algorithm. Clustering of
genes into an operon was performed using FGENESB, a program for the
prediction of bacterial operons (SoftBerry, Mount Kisco, NY). The ORF
map shown in Fig. 3A and B was constructed using CloneMap (ver. 2.11)
software (CGC Scientific, Inc., Ballwin, MO).
Tetranucleotide frequencies and codon usage. The tetranucleotide
frequency of the 10G6 or 25G1 sequence was compared to that of each of
the 31 bacterial genomes used for the analysis. These genomes are of
bacterial species that are mainly gut commensals and are listed in the supple-
mental material. The correlation coefficient between two query sequences
was calculated using the TETRA stand-alone program (http://www.megx.net
/tetra). The similarity of codon usage between two sequences was computed
using a web-based algorithm (http://gcua.schoedl.de).
RNA extraction and RT-PCR analysis. To examine whether tran-
scription occurred from the cloned genes in the E. coli host, reverse trans-
criptase PCR (RT-PCR) analyses were performed. DH10B strains harbor-
ing the 10G6 or 25G1 BAC were grown in LB with chloramphenicol to an
OD600 of1.5. RNA extraction and RT-PCR were performed as described
previously (17), and primers used for PCR are listed in the supplemental
material. Transcript levels of rpoA and rpoD genes were used as internal
controls.
In vitro transposon mutagenesis of 10G6 and 25G1 BACs and sec-
ondary screening for defective biofilm producers. To further elucidate
the genes that play crucial roles in biofilm formation, in vitro transposon
(Tn) insertion mutagenesis was employed using the EZ-Tn5 TET-1
insertion kit (Epicentre Biotechnologies, Madison, WI). An in vitro trans-
position reaction using the 10G6 or 25G1 BAC and the transposon was
achieved by following the manufacturer’s instructions and is outlined in
Fig. S3 in the supplemental material. After random transposon insertion,
E. coli DH10B was transformed with a pool of mutated BACs by electro-
poration. Electroporation was performed using a Gene Pulser (Bio-Rad
Laboratories, Hercules, CA) with the pulse controller set at 200, 25 F,
and 1.5 kV. After 16 to 18 h of incubation, transposon insertion clones
were selected on LB plates containing 10 g/ml tetracycline (Tc). A total
of 120 10G6-derived and 480 25G1-derived Tc-resistant colonies
were picked, and their biofilm-forming capabilities were evaluated using
the simple microtiter dish biofilm assay as described earlier. The trans-
poson insertion sites of the mutants selected on the basis of their defective
biofilm were precisely determined by sequencing the transposon-BAC
junctions using the transposon-specific flanking primers provided in
the kit.
Construction of E. coli DH10B strains that heterologously express
the 10a or 25b operon. The DNA fragment of the 10a (2.65 kbp) or 25b
(5.38 kbp) operon was PCR amplified to cover the entire operon se-
quence and its endogenous promoter region. PCR products were cloned
into the multicloning site of the pUC19 plasmid, and the resultant plas-
mids, named pUC19::10a and pUC19::25b, were transformed into the
DH10B E. coli host strain. PCR primers used for cloning are listed in the
supplemental material.
Effects of heterologous expression of 10a or 25b operon on the cell
adhesion capability and in vivo colonization. The bacterial adhesion
assay was performed as described elsewhere (18). The adhesion capability
of bacterial cells was assessed by counting the number of bacteria adherent
to the HT29 cells. An in vivo colonization assay was performed using
antibiotic-pretreated adult BALB/c mice (n 6) as described in Fig. S4 in
the supplemental material. Isolated intestinal tissue (from duodenum to
rectum) was individually placed in sterile PBS and ground using a tissue
homogenizer for bacterial counting. Ampicillin (100g/ml) was used for
selective growth of E. coli strains. The animal study was approved by the
Yonsei University Animal Research Ethics Committee, and antibiotic
treatment before bacterial infection was performed as described previ-
ously (19).
Preparationofmouse gutmicrobiotametagenomeandquantitative
real-time PCR. Whole intestinal tissue was individually removed and im-
mediately frozen in liquid nitrogen. The frozen gut tissues were ground by
mortar and pestle. Approximately 200 mg of the homogenate was sus-
pended in 1.4 ml of ASL buffer provided in the QIAamp DNA stool Mini
kit (Qiagen Inc., Valencia, CA), and genomic DNA was extracted by fol-
lowing the manufacturer’s instructions. The quantity of purified DNA
was assessed spectrophotometrically, and 400 ng of DNA was used as a
template to amplify the E. coli 16S rRNA gene, Bacteroidetes phylum 16S
rRNA gene, ORF20 in the 10a operon, and ORF13 in the 25b operon. The
real-time PCR was performed as described previously (20), and primers
used for the PCR are listed in the supplemental material.
Construction of a DH10B reporter strain containing chromo-
somally encoded green fluorescent protein (GFP). A 500-bp noncoding
region between the lacY and lacI genes in the genome of E. coliDH10B was
PCR amplified and ligated with a gfp gene cassette containing its own
promoter. The ligated fragment was cloned into pCVD442 vector con-
taining both gentamicin and ampicillin markers (20), and the resultant
plasmid (pCVD442-gfp) was conjugated into E. coli DH10B. DH10B
transconjugants, in which pCVD442-gfp was integrated in the 500-bp
noncoding region via homologous recombination, were selected and se-
quence verified.
Live animal imaging analysis. Infant mice were orogastrically inocu-
lated with 50l of cultures (5 107 CFU). At 24 h postinfection, the mice
were anesthetized with Zoletil and Rompun. Whole-body images were
obtained with the IVIS spectrum system (Caliper Life Sciences, Alameda,
CA), and the acquired fluorescent signals were processed using Living
Image 4.1 software (Caliper Life Sciences).
Statistical analysis. Data are expressed as means  standard devia-
tions (SD). Unpaired Student’s t test was used to analyze the data, and a P
Yoon et al.
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value of 0.05 was considered statistically significant. All experiments
were repeated to verify reproducibility.
Nucleotide sequence accession numbers. Full-length sequences for
clones 10G6 and 25G1 are available in the NCBI database (accession num-
bers KC595276 and KC595277).
RESULTS
Screening of a gut microbiota metagenome library for clones
with adhesive capability. To reveal genetic determinants, expres-
sion of which results in enhanced adhesion of E. coli host cells to a
surface, we screened a gut microbiota metagenome library for
biofilm producers. A schematic diagram of the screening proce-
dure is shown in Fig. S1A in the supplemental material. Using a
simple, highly reproducible biofilm assay performed in 96-well
plates, we screened 5,472 E. coli clones for their biofilm-forming
capability (14). Since biofilm formation is proportional to cell
growth, biofilm formation was normalized with bacterial cell
growth, which was monitored by measuring the OD600 (see Fig.
S1A). E. coli DH10B that harbored an empty pIndigoBAC-5 vec-
tor was used as a baseline control. Figure S1B shows the distribu-
tion of the biofilm-forming capability of all clones tested. Approx-
imately 83% of clones formed biofilms that were either
comparable to or slightly larger than that of the control strain.
Notably, about 2% of the tested clones were determined to form
biofilms that were4 times more robust than the control in our
initial primary screen (fold induction, 4) (see Fig. S1B). Each
biofilm-forming BAC clone was retested, and two clones were
validated (10G6 and 25G1). Based on our crystal violet staining
assay, biofilms formed by clones 10G6 and 25G1 were4.8- and
7.5-fold, respectively, more robust than the control biofilm (Fig.
1A). The biofilms were grown on coverslips and examined by
confocal laser scanning microscopy for comparison with re-
spect to spatial architecture. Figure 1B shows the three-dimen-
sional images (126.852 by 126.728 by 21.5 m) of the biofilms.
Consistent with biofilm formation on the surfaces of 96-well
plates (Fig. 1A), the two selected clones formed robust biofilms
on glass surfaces, with the 25G1 clone forming the thicker and
denser biofilm.
Effects of anaerobiosis and the presence of bile acids on bio-
film formation by selected clones. Diverse obligate anaerobes
colonize the human intestine (21), suggesting that the human in-
testine maintains an anaerobic environment. Bile acids present in
the large intestine also may influence the growth of gut microbes
(22, 23). Therefore, we tested the biofilm-forming capability of
selected clones during growth under anaerobic conditions or in
the presence of bile acids. Although anaerobic conditions retarded
bacterial growth, clone 10G6 still formed a robust biofilm, sug-
gesting that biofilm formation by this clone does not require
aerobiosis. In contrast, the clone 25G1 formed weaker biofilms
during anaerobic growth than when grown aerobically (Fig. 2A).
During static growth in the presence of 0.6% (wt/vol) bile acids,
the 10G1 strain formed biofilms that were 13-fold denser than
the control biofilm, although bile acids reduced bacterial growth
(Fig. 2B). Under the same growth conditions, 25G1 formed an
8-fold-denser biofilm than the control (Fig. 2B).
Sequence analysis of 10G6 and 25G1 BACs. To better under-
stand the molecular basis for the formation of the adhesive bacte-
rial community, clones 10G6 and 25G1 were sequenced. DNA
inserts assembled after shotgun sequencing and subsequent gap
filling were 51,956 and 41,474 bp for the clones 10G6 and 25G1,
respectively. These insert sizes are close to the average insert length
of 55,000 bp for the library (13). Our bioinformatic analysis
revealed that the cloned sequences of 10G6 and 25G1 contained 47
and 41 protein-coding open reading frames (ORFs), respectively
(Fig. 3A and B). The BLASTn search using each full-length se-
quence as a query failed to retrieve a known sequence element,
suggesting that these two inserted DNA sequences were derived
from microbes with unknown genome sequences. BLASTn results
presented in Fig. 3A and B, however, clearly demonstrate that both
of the fragments are highly similar to homologue regions of Bac-
FIG 1 Biofilm formation of 10G6 and 25G1 clones. (A) Representative images
of crystal violet staining of biofilms formed by the control (Con), 10G6, and
25G1 clones in the 96-well microtiter plates. Quantification of crystal violet
staining (OD540) normalized to cell growth (OD600) was used to represent each
strain’s biofilm robustness. Means  SD are shown by each bar; *, P  0.01
versus control biofilm. (B) Three-dimensional confocal microscopic images of
2-day-old biofilms. Bacterial cells were stained with Syto 9, a green fluores-
cence dye, and 126.728- by 126.728- by 21.5-m x-y-z images were obtained as
described in Materials and Methods.
FIG 2 Effects of anaerobiosis and the presence of bile acids on biofilm forma-
tion. Biofilm formation of 10G6 and 25G1 clones under anaerobic growth
conditions (A) and in the presence of 0.6% bile acids (B) was quantified.
Experimental conditions were identical to those described for the experiment
shown in Fig. 1A. Values displayed in each bar are the means SD. *, P 0.01
versus control biofilm.
Genetic Basis for Bioﬁlm Formation by Gut Microbes
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teroides spp., a major group of the gut microbiota (24). Among the
5 highest-ranked sequences that produced significant alignments,
4 sequences were from genomes of the genus Bacteroides in each
BLASTn search. Four genes in the 10G6 sequence (i.e., genes 6, 8,
15, and 17; gray-shaded regions in Fig. 3A) are highly conserved,
and most of them are present in the genome of the top-ranked
Bacteroides species. Likewise, genes 2, 16, 18, and 19 in the 25G1
sequence are also highly conserved, and all of them are located in
the core genomes (Fig. 3B).
We then compared the tetranucleotide frequencies (TFs) of the
10G6 and 25G1 sequences of each of the 31 bacterial genomes used
in the analysis. As shown in Table 1, the highest correlation coef-
ficient was obtained with the Bacteroides uniformis genome se-
quence. Interestingly, 4 bacterial species (i.e., Bacteroides unifor-
mis, Tannerella sp., Bacteroides oleiciplenus, and Bacteroides
vulgatus) are commonly included in the top-ranked species in the
analysis with 10G6 and 25G1 sequences (Table 1). The entire ma-
trix of TF analysis is shown in the supplemental material. Codon
usage in the 25G1 sequence was most similar to that of Bacteroides
uniformis, and Bacteroides sp. strain D2 is among the species that
use genetic codes similar to genes in the 10G6 sequence (Table 2).
We next sought to assign putative functions to each predicted
protein by a BLASTp search. Among the 47 genes in the 10G6
clone, 27 genes produced homologous proteins of a known
source. Importantly, 11 out of those 27 proteins were found to be
derived from Bacteroides spp. (see the ORF analysis tab in the
FIG 3 Open reading frame (ORF) maps of the 10G6 and 25G1 clones and BLASTn search results. ORF maps of the 10G6 (A) and 25G1 (B) clones. The length
and direction of the arrow indicate the relative size and the transcriptional direction of each ORF. Further details pertaining to the predicted proteins are provided
in the supplemental material. The five sequences most similar to those of 10G6 (A) or 25G1 (B) are shown with color-coded BLASTn alignment scores. Bacterial
genomes containing homologous regions are sorted by query coverage and are listed in the table.
Yoon et al.
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Excel file in the supplemental material). In clone 25G1, 29% of the
predicted proteins of known sources showed homology to pro-
teins of Bacteroides spp. (see the ORF analysis tab in the Excel file
in the supplemental material). A smaller number of proteins were
similar to proteins of Barnesiella, Clostridium, Prevotella, Parabac-
teroides, Odoribacter, or Porphyromonas spp. In general, proteins
with homology to proteins of Bacteroides spp. were determined to
be homologous with greater statistical certainty than were pro-
teins similar to those of other bacterial groups. Taken together,
our comprehensive sequence analyses suggest that 10G6 and 25G1
sequences are derived from species of Bacteroides lineage.
We then performed reverse transcriptase PCR analysis to de-
termine whether the expression of genes present in the cloned
insert indeed occurred in the surrogate E. coli host. As shown in
Fig. S2 in the supplemental material, all selected genes, three from
10G6 and five from 25G1, were transcribed in E. coli transformed
with the corresponding BAC clone, but they were not transcribed
in the control strain. It is worth noting that transcript levels varied
among the different genes. The orf12 and orf13 genes were tran-
scribed to a higher level than the other genes in 25G1. These results
strongly suggested that enhanced biofilm formation of strains
containing clones 10G6 and 25G1 was due to the heterologous
expression of the genes in E. coli.
Identification of operons crucial for biofilm formation. Se-
quence analysis provided a basis to explore genetic determinants
for biofilm formation of the 10G6 and 25G1 clones. To precisely
define the genes involved, we sought to identify mutants of the
10G6 or 25G1 clone that had lost their abilities to form biofilms on
the same surface. Mutagenesis was achieved by in vitro transposon
(Tn) insertion, and biofilm-defective mutants were isolated by
screening a library of E. coli DH10B transformed with a collection
of Tn-marked 10G6 or 25G1 BACs. The detailed procedure is
described in Fig. S3 in the supplemental material. Among 120
mutants derived from 10G6, 2 mutants (3C10 and 2F2) were de-
termined to form defective biofilms compared to the biofilm of
the parental strain (Fig. 4A). Two mutants (7B9 and 4B10) were
recovered from screening480 mutants derived from 25G1 (Fig.
4B). The biofilm-forming capability of each mutant compared to
that of the parental strain (i.e., 10G6 or 25G1 clone) is displayed in
the far right column of each table presented above the ORF map
(Fig. 4A and B). To map the Tn insertion sites, we directly se-
quenced the Tn-BAC junctions. Genes interrupted by the Tn in-
sertion are indicated with dashed arrows in the middle columns of
the tables (Fig. 4A and B). A 10G6-derived mutant (2F2) was
found to possess a transposon insertion in ORF20, and the 3C10
mutant harbored an insertion in the intergenic region between
ORF21 and ORF22 (Fig. 4A). The two 25G1-derived mutants
(7B9 and 4B10) both harbored Tn insertions in ORF13 (Fig. 4B).
To further support functional roles of these two genetic ele-
ments in biofilm formation, we constructed E. coli DH10B strains
that heterologously expressed the 10a or 25b operon (red lines in
Fig. 4A and B) and tested their biofilm-forming capabilities. DNA
fragments, including the entire operon sequences and corre-
sponding upstream promoter regions, were cloned into the multi-
copy plasmid, pUC19. As shown in Fig. 5A, biofilms formed by E.
coli strains harboring pUC19::10a (here called 10a) or pUC19::25b
(here called 25b) were significantly more robust than the control
biofilm. Consistent with the results presented in Fig. 1, the biofilm
formed by the 25b strain was denser than that of the 10a strain.
The depths of biofilms formed by the 10a and 25b strains were
15.12 and 33.82 m, respectively, while that of the control was
9.79m (Fig. 5A). These results clearly support roles for these two
genetic elements in the formation of the bacterial community with
biofilm-forming capability.
Relative abundance of 10a or 25b sequence in the mouse gut
microbiota metagenome. We next sought to gain an idea of how
abundantly the 10a and 25b elements are present in the mouse gut
microbiota metagenome. To address this issue, we performed
quantitative real-time PCR (qRT-PCR) using primers that specif-
ically amplify ORF20 and ORF13 of the 10a and 25b operons,
TABLE 1 Bacterial species that exhibit significant similarities of tetranucleotide frequencies to those of the 10G6 and 25G1 sequences
Rank
Species exhibiting similarities to:
10G6 25G1
Correlation
coefficient Species
Correlation
coefficient Species
1 0.76516 Bacteroides uniformis ATCC 8492 0.62521 Bacteroides uniformis ATCC 8492
2 0.74825 Tannerella sp. strain 6_1_58FAA_CT1 0.60482 Tannerella sp. strain 6_1_58FAA_CT1
3 0.70313 Bacteroides oleiciplenus YIT 12058 0.59633 Bacteroides oleiciplenus YIT 12058
4 0.69374 Bacteroides vulgatus ATCC 8482 0.55767 Bacteroides sp. strain D2
5 0.68189 Desulfovibrio vulgaris Hildenborough 0.55723 Bacteroides vulgatus ATCC 8482
TABLE 2 Bacterial species that exhibit significant similarities of codon usage to those of the 10G6 and 25G1 sequences
Rank
Species exhibiting similarities to:
10G6 25G1
Similarity (%) Species Similarity (%) Species
1 80.37 Bifidobacterium longum NCC 2705 83.08 Bacteroides uniformis ATCC 8492
2 80.20 Bacteroides sp. strain D2 82.09 Porphyromonas gingivalis W83
3 80.11 Geobacter sulfurreducens PCA 77.61 Bdellovibrio bacteriovorus HD100
4 76.23 Bordetella bronchiseptica RB50 75.92 Bifidobacterium longum NCC 2705
5 76.16 Bacteroides uniformis ATCC 8492 75.91 Geobacter sulfurreducens PCA
Genetic Basis for Bioﬁlm Formation by Gut Microbes
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respectively. These two genes were selected because they were
originally identified in our in vitro transposon mutant library
screen (Fig. 4). For quantitative analysis, we compared RQ (rela-
tive quantity) values of target genes to those of theE. coli 16S rRNA
gene, which were normalized to 1.0. We also measured the RQ
values of 16S rRNA genes present in species classified as Bacte-
roidetes at the phylum level (25). The levels of 16S rRNA genes
present in the Bacteroidetes phylum were2,000-fold higher than
that of the E. coli 16S rRNA gene (Fig. 5B). This result verified that
the qRT-PCR technique is indeed useful to measure the RQ of a
particular DNA sequence in a mixed-DNA sample. The relative
abundances of ORF20 and ORF13 in the mouse gut microbiota
metagenome were24 and 31%, respectively, of that of the E.
coli 16S rRNA gene (Fig. 5B). Given that E. coli is one of the core
members of the gut microbiota, these results suggest that bacterial
species that contain either gene in their genome likely are present
in sufficient quantity in the mouse intestine.
10a and 25b strains exhibited enhanced in vitro adherence
capability and in vivo colonization.We examined the capabilities
of 10a and 25b strains to adhere to intestinal epithelium. After 2 h
of incubation with confluent HT29 cells followed by rigorous
washing, the number of 10a cells remaining adherent was 17-
fold higher than the number of control E. coli cells (Fig. 6A). Un-
der the same experimental conditions, about 4 times more 25b
cells than control cells remained adhered to the cultured epithelial
tissue (Fig. 6A). During the incubation with bacteria, the HT29
cells maintained viability (data not shown).
We next investigated whether the increased adherence capabil-
ity of the two strains to cultured epithelium was reflected in their
abilities to colonize mouse intestine. It was reported that coloni-
zation resistance of adult mice was significantly decreased in an-
tibiotic-pretreated versus conventionally reared mice (26). Prior
to being infected, therefore, a group of BALB/c mice was pre-
treated with antibiotics for a total of 4 days, as outlined in Fig. S4
in the supplemental material. The bacterial content of feces of
antibiotic-pretreated mice was significantly reduced (see Fig. S4).
Similar to results for cell adhesion, inoculation with either strain
resulted in enhanced bacterial colonization in the mouse intestine.
FIG 4 Identification of Tn-inserted mutant clones defective in biofilm formation. Tn insertion mutants that were identified as defective biofilm producers and
genes disrupted in such mutants (dashed downward arrows) are shown in the table placed at the top of each ORF map. Relative biofilm formation of each mutant
is displayed as the percentage of biofilm formed by the parental clone in the far right column of the table. Solid lines at the bottom of each map denote genes
clustered in an operon.
FIG 5 Biofilm formation of 10a and 25b strains and relative abundance of 10a
and 25b sequences in the mouse gut microbiota metagenome. (A) Three-
dimensional biofilm images ofE. coli strains harboring pUC19, pUC19::10a, or
pUC19::25b. Experimental conditions were identical to those for the experi-
ment shown in Fig. 1B. (B) Quantitative RT-PCR was conducted on genomic
DNA extracted from mouse gut microbiota. Relative abundance of the E. coli
16S rRNA gene was normalized to 1.0. Three independent experiments were
performed, and values (means  SD) are displayed in each bar. *, P  0.05
versus the relative quantity of E. coli 16S rRNA gene.
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Notably, the 25b strain colonized the mouse intestine to a higher
level than the 10a strain. The quantities of 10a and 25b strains
recovered from the mouse gut homogenates were6.6- and28-
fold higher, respectively, than the quantity of control E. coli cells
harboring the empty pUC19 vector (Fig. 6B). These results indi-
cate that the 10a and 25b strains, which show enhanced in vitro
adhesion capabilities, can also colonize the mouse intestine.
Finally, GFP-tagged strains were inoculated into the intestine
of infant mice, and the extent of intestinal colonization was visu-
alized using an IVIS imaging system. The large bowels of infant
mice have a microbiota in which facultative anaerobes such as E.
coli predominate. In addition, the thin, hairless abdominal skin of
the infant mouse offers a technical advantage for successful live-
imaging analysis. When mouse intestines were imaged at 24 h
postinoculation, fluorescent signals with various degrees of inten-
sity were detected in the lower ventral region of mice (Fig. 6C),
suggesting that orogastrically inoculated bacterial cells did estab-
lish in the large intestine. The fluorescent signals from the mice
infected with 10a and 25b were 11.0- and 8.4-fold more in-
tense, respectively, than the signal from control infected mice (Fig.
6D). These results demonstrate that the expression of 10a or 25b
genetic elements contributes to intestinal colonization.
BLASTp search of genes in operons 10a and 25b. Operon 10a
contains four genes (Fig. 7). For ORF19, a BLASTp search re-
trieved a hypothetical protein of unknown source with very low
statistical significance. ORF21 and ORF22 encode hypothetical
proteins, and no distinct domain was identified in these two pro-
teins by our bioinformatic search (Fig. 7). Hence, we could not
FIG 6 Capability of 10a and 25b strains to adhere to cultured intestinal epithelium and to colonize mouse intestine. (A) Three different E. coli DH10B strains
harboring the control plasmid, pUC19::10a, or pUC19::25b (1  107 CFU) were incubated with confluent HT29 cells for 2 h. At the end of the incubation,
unbound bacteria were removed by washing three times with PBS. HT29 cells and attached bacterial cells then were released from each well with a trypsin-EDTA
mixture, and the remaining adherent bacteria were enumerated by plating on agar plates. Values (means SD) are displayed by each bar. *, P 0.01 versus the
number for the adherent control strain. (B) Antibiotic-treated BALB/c adult mice were infected with the same set of bacterial strains by oral gavage (5  109
CFU). After 24 h, animals were sacrificed, and total gut tissue samples, placed in PBS, were homogenized. Bacterial cells were enumerated by plating the serially
diluted cells on agar plates. Values (means SD) are displayed by each bar (n 6). *, P 0.01 versus the number for the control strain. (C) Five- to 6-day-old
BALB/c infant mice were orogastrically inoculated with bacterial strains (5 107 CFU). Mice were anesthetized at 24 h postinfection, and the whole body was
scanned to acquire fluorescent signals using an IVIS imaging system. Fluorescent intensity was calculated as radiant efficiency (RE) using the accompanying
software (Living Image 4.1). (D) The RE in each group of mice was subtracted from that of mock-infected control animals and quantitatively compared. Values
(means SD) are displayed by each bar (n 4). *, P 0.05 versus the value for control mice.
FIG7 Genetic map of the 10a operon and the characteristics of predicted proteins encoded by each gene. The four genes included in the 10a operon and the DNA
fragment amplified for cloning into pUC19 are drawn to scale. Predicted proteins with BLASTp similarity to proteins of other gut microbes are listed along with
E values that measure the statistical significance. The presence of characteristic domains in each predicted protein is displayed in column 3. For the protein
encoded by orf20, three different proteins were retrieved, each with strong statistical significance.
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deduce the roles of ORF19, ORF21, and ORF22 in biofilm forma-
tion based on the available information. ORF20, the site of the
original interruption in the mutant 2F2 (Fig. 4), displays signifi-
cant homology to a conserved hypothetical protein of Bacteroides
sp. strain 9_1_42FAA. This protein possesses two distinct, well-
characterized domains, a predicted lysozyme domain and a pep-
tidoglycan (PG)-binding domain, in its N and C termini, respec-
tively (Fig. 7). This protein was also determined to be highly
homologous to a putative secretion-activator protein of Prevotella
multiformis, a Gram-negative rod isolated from human subgingi-
val plaque (27), and an N-acetylmuramidase of Teredinibacter
turnerae, a cellulolytic Gram-negative bacterium (28) (Fig. 7).
Three genes in operon 25b encode relatively well-characterized
proteins, and these proteins are presented, with their characteris-
tic domains, in Fig. 8. The genes grouped in this operon, however,
appear to be functionally distinct, because their predicted func-
tions most likely are associated with distinct cellular processes.
ORF13, which was disrupted in two independent Tn-marked mu-
tants (7B9 and 4B10) (Fig. 4), is a competence protein (29),
whereas ORF14 and ORF15 encode proteins that contain a shiki-
mate dehydrogenase superfamily domain (30) and an M13 pepti-
dase domain (31), respectively (Fig. 8). The transmembrane pro-
tein encoded by ORF13 harbors a conserved competence
superfamily domain that is essential for the uptake of extracellular
DNA (32).
DISCUSSION
Collectively, the commensals that comprise the microbiota of the
large bowel have a diverse metabolic capacity that enables mam-
malian hosts to extract energy from substrates that they would
otherwise lack the ability to utilize (33–35). Indeed, most infor-
mation about bowel commensals relates to their phylogeny and
metabolic activities, while the lifestyle of these commensals, nota-
bly the mechanisms of intestinal colonization and biofilm forma-
tion, attracts less interest. The ability of commensals to maintain a
population in a self-regulating community of complex composi-
tion, however, probably includes dynamic relationships with sur-
faces in order to obtain nutrients or to minimize the wash-out
effect of peristalsis. Digesta-associated surfaces (i.e., other bacte-
rial cells, plant cell structures, and partly degraded mucus) or mu-
cosa-associated surfaces (i.e., mucus and apical surfaces of epithe-
lial cells) could be important. Little is known of these relationships
or the molecular or structural mechanisms that mediate them.
Investigation of microbial adhesion in the gut is difficult not only
because gut microbes are largely unculturable but also because of
the lack of effective means to preserve the intestinal mucus layer,
where microbial communities are formed (36, 37). Therefore, an
alternative approach is required to explore the basis for the for-
mation of the adhesive community by gut microbiota.
Our functional metagenomic screen, followed by mutational
inactivation using a surrogate host, revealed two operons that
were associated with enhanced adherence to surfaces. These oper-
ons probably originated in unknown Bacteroides species. Expres-
sion of the heterologous DNA resulted, in turn, in enhanced col-
onization of the surrogate hosts in the bowels of mice. While
obligate anaerobes predominate in the large bowel of adults, fac-
ultative anaerobic bacteria such as E. coli are numerous in the
bowels of infant mice (38). Hence, the attributes encoded by the
cloned genes enhanced the colonization ability of the surrogate
strain in competition with autochthonous strains of E. coli.
Although annotations of the cloned ORFs were obtained, they
did not seem to have direct relevance to enhanced adherence to
surfaces by bacterial cells. BLASTp alignments may be misleading,
because there is a paucity of knowledge relating to mechanisms by
which commensal bacteria associate with surfaces in the gut (39).
The rationale behind homology-based annotation is that if two
sequences have a high degree of similarity, then they have evolved
from a common ancestor and should have similar, if not identical,
functions. However, with increasing numbers of sequences in da-
tabases and considering the effects of gene duplications, which
might be followed by divergence of function, the power of homol-
ogy-based annotation has lessened. Adding to this issue is the
problem of errors in annotation which spread misannotations
when homology-based approaches are used. Additionally, most of
the newly identified proteins do not show significant sequence
similarity to experimentally characterized proteins (40). Some
genes have multiple annotations reflecting functions of gene
products in different experimental systems (41).
Among the genes present in the 10a operon, ORF20, which
encodes a lysozyme-like protein, is presumed to play the most
crucial role both in adhesion and in intestinal colonization. The
biofilm-forming capability of Lactococcus lactis was substantially
enhanced by PG breaks mediated by PG hydrolase, which also
possesses both PG-binding and lysozyme domains (42). An L.
lactis mutant strain defective in PG hydrolase failed to adhere to
FIG 8 Genetic map of the 25b operon and the characteristics of predicted proteins encoded by each gene. The three genes that make up the 25b operon and the
DNA fragment amplified for cloning into pUC19 are drawn to scale. Predicted proteins retrieved from the BLASTp search are listed with E values. The presence
of characteristic domains in each predicted protein is displayed in column 3.
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solid surfaces and form biofilm. Moreover, the addition of ly-
sozyme completely reversed these phenotypes (42). A hypotheti-
cal protein harboring a glycosyl hydrolase domain positively influ-
ences biofilm formation by Streptococcus mutans (43). Similarly,
DNA release mediated by autolysin, a lysozyme-like protein, can
participate in biofilm formation by Staphylococcus epidermidis
(44). These results demonstrate that peptidoglycan autolysis, a
natural process in the synthesis and degradation of the PG mole-
cule (45), may contribute to the bacterial adhesion process.
Involvement of a competence-related protein, such as ORF13
of the 25b operon, in biofilm formation has been clearly estab-
lished in other bacterial species (46–49). For example, a compe-
tence-defective mutant of Streptococcus mutans forms biofilms
with decreased biomass (48). In addition, S. mutans cells growing
in a biofilm are more competent than planktonic counterparts
(47). Therefore, our findings further support a relationship be-
tween the ability to interact with external DNA and biofilm for-
mation. Intestinal epithelium is a rapidly self-renewing tissue (50,
51). Cell turnover rate is suspected to be influenced by the pres-
ence of gut microflora, because the rate of de novo DNA synthesis
as determined by [3H]thymidine incorporation is lower in the
colon of germfree mice than in conventional mice (52). Impor-
tantly, the exfoliation of epithelial cells into the intestinal lumen
releases a steady supply of DNA (53, 54). Furthermore, extracel-
lular DNA is suggested to be a major structural component of
microbial biofilms (55). Although this DNA may be recycled or
degraded, our results suggest that gut microbes take advantage of
the availability of liberated DNA to promote the formation of an
adhesive microbial community. Interestingly, DNA release is
higher in patients with Crohn’s disease, which is characterized by
chronic hyperimmune activity (56). It would be of particular in-
terest to investigate whether biofilm formation in the intestines of
patients with Crohn’s disease is increased in proportion to the
level of DNA present.
Although we successfully unveiled two gut microbiota-derived
genetic determinants for the colonization of the mouse intestine,
our approach has the following limitations. (i) The BAC library
used in the current study may represent only a portion of the
mouse gut microbiota metagenome. (ii) The E. coli DH10B strain
may not be the best host to express genes derived from Gram-
positive organisms, including ones that belong to the dominant
phylum, Firmicutes. Therefore, additional experiments using a
broader collection of the gut microbiota metagenome and a new
host that is better suited to express genes of diverse species will
help provide more insights into how gut microbes establish a ben-
eficial community in the host intestine.
We believe it would be beneficial to assemble a databank of gut
colonization-associated operons that have demonstrated func-
tions in the bowel. We propose that the proteins encoded by the
operons that we have detected be termed Bacteroides niche factors
(57) until they have been studied in more detail. These operons
could be studied in terms of proteomics and molecular modeling
so that the function of these relatively unknown genetic determi-
nants can be defined. As shown by our results, BAC metagenomic
libraries will clearly have an important role in building this data-
bank.
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